Arthropod hemocyanins and phenoloxidases serve different physiological functions as oxygen transporters and enzymes involved in defense reactions, respectively. However, they are equipped with a structurally similar oxygen-binding center. We have shown that the clotting enzyme of the horseshoe crab, Tachypleus tridentatus, functionally converts hemocyanin to phenoloxidase by forming a complex without proteolytic cleavage (Nagai, T., and Kawabata, S. (2000) 
Phenoloxidase, a copper-containing enzyme, is widely distributed not only in animals but also in plants and fungi. It is responsible for initiating the biosynthesis of melanin. Spectroscopic studies and sequence alignments have shown that phenoloxidases are all equipped with an antiferromagnetically coupled binuclear copper center (1, 2) . In insects and crustaceans, the prophenoloxidase-activating system is an important part of the host defense system, where it functions to detect and kill invading pathogens as well as to synthesize melanin for wound healing and pathogen encapsulation (3, 4) . The prophenoloxidase-activating system in arthropods and the hemolymph coagulation system in horseshoe crabs are sensitive non-self-recognizing cascades triggered by microbial cell wall constituents such as lipopolysaccharides, peptidoglycans, and ␤-1,3-D-glucan (3, 5-7). The major defense system in the horseshoe crab, Tachypleus tridentatus, is carried by hemolymph containing granular hemocytes, which comprise 99% of the total hemocytes. The granular hemocytes are filled with two types of secretory granules, L-granules and S-granules, which selectively store defense molecules such as coagulation factors, protease inhibitors, lectins, and antimicrobial peptides (6 -9) . The hemocytes are highly sensitive to lipopolysaccharides, and the defense molecules stored in both types of granules are secreted by exocytosis in response to the stimulation by lipopolysaccharides. This response is very important for host defense, which involves the engulfing and killing of invading microbes in addition to preventing the leakage of hemolymph.
Under physiological conditions, arthropod prophenoloxidases require a proteolytic cleavage for activation by a specific protease, the prophenoloxidase-activating enzyme (10 -12) . In vitro, however, prophenoloxidases can be activated by treatment with several detergents, salts, and lipids (13, 14) . Arthropod prophenoloxidases have been sequenced, indicating that they are closely related to hemocyanins (15) (16) (17) . Furthermore, phenoloxidase activities have been reported for arthropod and molluscan hemocyanins (18, 19) . Prophenoloxidases have not been identified in chelicerates, but the induction of prophenoloxidase activity in hemolymph is evident by treatment with either detergents or lipids in the American horseshoe crab Limulus polyphemus (20) . In addition, tarantula hemocyanin expresses phenoloxidase activity after limited proteolysis with trypsin or chymotrypsin (21, 22) . We recently found that Tachypleus coagulation cascade is linked to prophenoloxidase activation, with the oxygen carrier hemocyanin functioning as a substitute for prophenoloxidase; Tachypleus clotting enzyme functionally transforms hemocyanin to phenoloxidase at a 1:1 stoichiometry without proteolytic cleavage (23) . Tachypleus hemocyanin is also converted to phenoloxidase by treatment with amphiphilic substances such as SDS and phosphatidylethanolamine (23) . The antimicrobial peptides secreted from S-granules of hemocytes have a characteristic amphiphilic structure (24 -28) . Here we show that Tachypleus antimicrobial peptides induce the intrinsic phenoloxidase activity of hemocyanin. We hypothesize that Tachypleus hemocyanin plays an essential role in innate immunity in cooperation with the antimicrobial peptides.
EXPERIMENTAL PROCEDURES
Materials-Tachypleus hemocyanin and its ␣-subunit (23) and antimicrobial peptides, including tachyplesin (24) , tachycitin (26) , tachystatins (27) , and big defensin (29), were prepared as described previously. Protein concentrations of Tachypleus hemocyanin and the ␣-subunit were determined by the method of Bradford (30) using bovine serum albumin as a standard. The concentrations of the antimicrobial peptides were calculated from their extinction coefficients in 1% solution at A 280 nm . Chitin was obtained from Seikagaku Corp., Tokyo, and wheat germ agglutinin (WGA) 1 was from Wako Pure Chemical Industries, Ltd., Tokyo. All other chemicals were of analytical reagent grade or of the highest quality available commercially.
Assay of Phenoloxidase Activity-Phenoloxidase activity was assayed spectrophotometrically according to the method described previously (23) . Briefly, Tachypleus hemocyanin or the ␣-subunit in the assay buffer (20 mM Tris-acetic acid, pH 7.5, containing 0.15 M NaCl) was preincubated with the antimicrobial peptides for 10 min at 20°C. An aliquot was added to the substrate solution containing 5 mM 4-methylcatechol and 10 mM 4-hydroxyproline ethyl ester in the assay buffer. The increase at A 528 nm was monitored at 20°C. An extinction coefficient of 4230 M Ϫ1 cm Ϫ1 at A 528 nm was used for the prolyl adduct of 4-methylcatechol (31) . We assayed the activity for substrate specificity using the method of Winder and Harris (32) , with the exception that the substrate solutions contained 5 mM substrate and 10 mM 3-methyl-2-benzothiazolinone hydrazone-HCl in the assay buffer. The activity was monitored at A 505 nm .
Binding Activity of the Hemocyanin ␣-Subunit to Tachyplesin-coated Chitin-Chitin was coated with tachyplesin according to the method described previously (27) . Chitin (25 mg) was mixed with tachyplesin (1 mg) in 1.0 ml of 20 mM Tris-acetic acid, pH 7.5, containing 0.15 M NaCl and then incubated at 20°C for 15 min and washed with the same buffer. About 5.0 g of tachyplesin bound to 1.0 mg of chitin reproducibly under the conditions. The hemocyanin ␣-subunit was mixed with the tachyplesin-coated chitin in the same buffer, incubated at 20°C for 60 min, centrifuged at 15, 000 rpm for 2 min, and then washed with the same buffer and eluted with 0.1 M HCl. The protein concentrations eluted from chitin were determined, using a micro BCA TM protein assay kit from Pierce.
Binding Analysis of the Hemocyanin ␣-Subunit to Tachyplesin by Surface Plasmon Resonance-The hemocyanin ␣-subunit in 0.1 M sodium carbonate, pH 8.0, was immobilized on a sensor chip, CM5, of the BIAcore system (Biacore, Uppsala, Sweden), according to the manufacturer's specification. After washing the hemocyanin-immobilized sensor chip with 10% acetic acid, tachyplesin was injected at 10 l/min in 20 mM Tris-acetic acid, pH 7.5, containing 0.15 M NaCl, and the change in the mass concentration on the sensor chip was monitored as a resonance signal using the program supplied by the manufacturer. Sensorgrams of the interaction obtained using various concentrations of tachyplesin, or the chemically modified peptides were analyzed using the software with which the instrument was equipped.
Chemical Modifications of Tachyplesin-The lysine residue at the NH 2 terminus was N-carbamylated with 0.2 M KNCO in 50 mM HepesNaOH, pH 7.5, at 37°C for 24 h (33). The tyrosine residues at positions 8 and 13 were nitrated with 50 mM tetranitromethane in 0.1 M potassium phosphate buffer, pH 7.5, containing 1 mM EDTA at 22°C for 1 h (34). The arginine residues were modified with 100 mM 1,2-cyclohexanedione in 0.2 M boric acid, pH 9.0, at 37°C for 2 h (35). The disulfide bridges were reduced with 450 mM dithiothreitol and S-alkylated with 1 M iodoacetamide at 22°C for 0.5 h (36). The tryptophan residue at position 2 was sulfenylated with 20 mM 2-nitrophenylsulfenyl chloride in 25% acetic acid at 22°C for 6 h (37). The modified tachyplesins were desalted by gel filtration on Sephadex G-15 equilibrated with 30% acetic acid or 0.1 M NH 4 HCO 3 , pH 7.8, and then lyophilized. The completion of chemical modifications was confirmed by amino acid analysis and sequence analysis. For Arg-modified tachyplesin about 70% of the arginine residues were modified, and the yields of other chemical modifications resulted in over 90%. Amino acid analysis was performed on a PICO-TAG system (Waters Millipore, Milford, MA). Amino acid sequence analysis was carried out using an Applied Biosystems 477A gas-phase sequencer.
RESULTS

Conversion of Hemocyanin to
Phenoloxidase by Antimicrobial Peptides-Tachypleus hemocyanin is composed of at least six subunits having the same molecular mass of 70 kDa on SDS-polyacrylamide gel electrophoresis (38) , and each subunit expresses phenoloxidase activity by interacting with the clotting enzyme (23) . The hemocyanin ␣-subunit was used for the subsequent experiments because its primary sequence is already known (39) . The antimicrobial peptide tachyplesin, one of the most abundant defense molecules of hemocytes, was tested to determine whether it could functionally convert the ␣-subunit to phenoloxidase, using 4-methylcatechol as the substrate. Functional conversion of the ␣-subunit was observed by increasing the amounts of tachyplesin under a constant concentration of the ␣-subunit (Fig. 1) . Tachyplesin induced the intrinsic phenoloxidase activity of the ␣-subunit in a dose-dependent manner, and the specific activity at a 10-molar excess of tachyplesin was 15 nmol/min/mg of ␣-subunit, which was 1.2-1.3-fold higher than that induced by 0.1% SDS (see Fig. 2 , bars a and g). The phenoloxidase activity induced by tachyplesin was completely inhibited by the treatment of 5 mM phenylthiourea, a typical inhibitor for phenoloxidases. The hemocyanin-activating activity of other Tachypleus antimicrobial peptides, including tachystatins (A, B, and C), tachycitin, and big defensin, was also examined (Fig. 2) . These antimicrobial peptides could significantly induce the phenoloxidase activity of the ␣-subunit. Tachyplesin was the most effective activator, but interestingly, tachycitin had little effect. On the other hand, a plant-derived chitin-binding lectin, WGA, caused negligible activation. Under the same conditions, the L-granulederived lectins tachylectin-1 (40) and tachylectin-2 (41) had no effect on the functional conversion of the ␣-subunit (data not shown).
Binding Parameters between the Hemocyanin ␣-Subunit and Tachyplesin-In the presence of hemocyanin, tachyplesin could 1 The abbreviation used is: WGA, wheat germ agglutinin.
FIG. 1.
Functional conversion of the hemocyanin ␣-subunit and tachyplesin. The ␣-subunit (50 g/ml) was incubated with different concentrations of tachyplesin, and the phenoloxidase activity was assayed.
FIG. 2. Phenoloxidase activity of the hemocyanin ␣-subunit induced by the antimicrobial peptides. The ␣-subunit (50 g/ml) was preincubated with the antimicrobial peptides at a 1:8 molar ratio, and the phenoloxidase activity was assayed to identify tachyplesin (a), tachystatin A (b), tachystatin B (c), tachystatin C (d), tachycitin (e), and big defensin (f). Hemocyanin was also incubated with 0.1% SDS as a positive control (g) or WGA as a negative control (h). The background activity of the unactivated hemocyanin was subtracted from each apparent phenoloxidase activity induced.
be co-precipitated with hemocyanin by ultracentrifugation, and both proteins maintained their native molecular masses on SDS-polyacrylamide gel electrophoresis despite the fact that an aliquot of the mixture showed significant phenoloxidase activity (data not shown). These results suggest that tachyplesin specifically binds to hemocyanin to induce the phenoloxidase activity through a nonproteolytic event. We determined the interaction of the hemocyanin ␣-subunit with tachyplesin by measuring surface plasmon resonance. Analysis of the association and dissociation phases of the sensorgrams, passing tachyplesin at various concentrations over the ␣-subunit immobilized on the sensor chip, revealed an association rate constant k a ϭ 6.8 ϫ 10
Ϫ2 s Ϫ1 , and consequently, a dissociation constant K d ϭ 3.4 ϫ 10 Ϫ6 M (Fig. 3) . In contrast, passing the ␣-subunit over tachyplesin immobilized on the sensor chip showed no significant signals. Tachyplesin contains one lysine at the NH 2 terminus, and the coupling of tachyplesin to the chip occurred through the ␣-and ⑀-amino groups of the NH 2 -terminal lysine residue. To examine the importance of the amino groups of the lysine residue in the interaction, we N-carbamylated tachyplesin and used it as an analyte. However, N-carbamylated tachyplesin retained indistinguishable association and dissociation patterns on the sensorgram (data not shown), suggesting that the immobilization of tachyplesin on the sensor chip causes steric hindrance of the proper interaction.
Tachyplesin is a characteristic amphiphilic peptide composed of 17 residues, including six basic residues (one Lys and five Arg residues) and six hydrophobic residues (one Trp, two Tyr, one Phe, one Val, and one Ile residues). The basic residues and several hydrophobic residues were modified chemically, and the interactions of the modified tachyplesins were determined by surface plasmon resonance. Lys-and Arg-modified tachyplesins retained the indistinguishable kinetics of the interaction. On the other hand, the modification of Trp-2 or the two Tyr residues, Tyr-8 and Tyr-13, caused a dramatic decrease of the association rate constants to 1/1000 or less, as compared with that of native tachyplesin. Furthermore, the reduction and S-alkylation of the two disulfide bridges in tachyplesin completely lost its original affinity to hemocyanin. The kinetic parameters are summarized in Table I .
Induction of Phenoloxidase Activity of the Hemocyanin ␣-Subunit by Tachyplesin-coated Chitin-The hemocyanin ␣-subunit was incubated with chitin, WGA-coated chitin, or tachyplesin-coated chitin (Fig. 4) . The ␣-subunit had no affinity with chitin or WGA-coated chitin, but it bound significantly to the tachyplesin-coated chitin. The ␣-subunit bound to tachyplesin-coated chitin expressed the significant phenoloxidase activity of 12.5 nmol/min/mg ␣-subunit, indicating that the immobilized tachyplesin on the surface of chitin induces a similar conformational change of the ␣-subunit, which shows the phenoloxidase activity as that of free tachyplesin in solution.
Substrate Specificity-Like other arthropod phenoloxidases, the hemocyanin ␣-subunit functionally transformed by tachyplesin showed significant oxidase activity against o-diphenols but not against a monophenol substrate, tyrosine (Fig.  5 ). 4-Methylcatechol was readily oxidized, and N-␤-alanyldopamine and N-acetyldopamine, major precursors for tanning in insects (42), were also good substrates. 
DISCUSSION
Arthropod hemocyanins display significant structural similarities to crustacean and insect prophenoloxidases, suggesting that the origin of arthropod hemocyanins is in ancient prophenoloxidase-like proteins (43) . The crystal structure of Limulus hemocyanin (subunit II) suggests the importance of Phe-49 in the allosteric cooperativity and regulation of oxygen binding (44, 45) . Furthermore, the crystal structure of catechol oxidase of the sweet potato Ipomoea batatas complexed with an inhibitor phenylthiourea indicates that the catalytic center could superimpose the oxygen-binding center of Limulus hemocyanin (46, 47) . The phenyl ring of Phe-49 of Limulus hemocyanin aligns perfectly with the aromatic ring of the phenylthiourea in the catechol-oxidase inhibitor complex. The shielding of Phe-49 in Limulus hemocyanin possibly inhibits the binding of phenolic substrates. In the case of octopus hemocyanin, the phenylalanine is substituted by a less bulky isoleucine, and the phenoloxidase activity has been observed at pH 6.0 (19). Decker and Rimke (21) have hypothesized that the activation of tarantula hemocyanin opens a large entrance for phenolic substrates to the active site by removing the NH 2 -terminal peptide containing Phe-49 through limited proteolysis; Phe-49 acts as a place-holder for the phenolic substrates while acting as an oxygen carrier to suppress the second function as a phenoloxidase (21) . Tachypleus hemocyanin also contains the conserved phenylalanine Phe-48 for the ␣-subunit (39) . Therefore, in response to specific binding of the antimicrobial peptides, Tachypleus hemocyanin could induce a conformational change or partial unfolding of the protein structure to pull out Phe-48 from the active site, opening an entrance for phenolic substrates.
Tachyplesin forms a rigid hairpin loop constrained by two disulfide bridges and adopts the conformation of an antiparallel ␤-sheet connected to a ␤-turn (25) . In the planar conformation of tachyplesin, the six hydrophobic side chains are localized at one face, and the six cationic side chains are distributed at another face. The chemical modifications of the cationic side chains had no effect on the kinetic parameters of the interaction between tachyplesin and the hemocyanin ␣-subunit. In contrast, the modifications of Trp-2 or Tyr-8 and Tyr-13 dramatically reduced the affinity to hemocyanin, suggesting that the binding site of tachyplesin is located in the hydrophobic face of the molecule. Tachyplesin completely lost its original affinity to hemocyanin after the reduction and S-alkylation, indicating that the two disulfide bridges play an important role in maintaining the proper conformation required for the interaction.
Tachystatins, especially tachystatin C, were also effective activators of the hemocyanin ␣-subunit to phenoloxidase (Fig.  2) . Tachystatins have sequence similarity to several insecticidal neurotoxins of spider venoms, such as -agatoxin IVA and -agatoxin (27) . These neurotoxins consist of a triple-stranded ␤-sheet (48, 49). Interestingly, tachystatins showed an identical cysteine motif to that of a potent endogenous phenoloxidase inhibitor from the housefly Musca domestica, a basic cysteinerich peptide (50 -52); Tyr-32 in the inhibitor is hydroxylated to dopa (Fig. 6) . The inhibitor functions in a competitive manner with respect to a substrate, dopa, and the position at or around dopa-32 possibly plays an important role in the interaction with phenoloxidases (51) . The corresponding residue in tachystatin A (Tyr-32) is not hydroxylated to dopa, because the theoretical mass value from the sequence is consistent with that obtained by mass spectrometry (27) . The highly conserved cysteine motif between tachystatins and the phenoloxidase inhibitor suggests that they have a similar triple-stranded ␤-sheet to that found in the neurotoxins. These structurally related peptides may have evolved from a common ancestral peptide, with adaptive functions.
We clearly showed that Tachypleus antimicrobial peptides functionally convert the hemocyanin ␣-subunit to phenoloxidase through a nonproteolytic event. The antimicrobial peptides all bind to chitin. Chitin is a component of the cell wall of fungi, and it is also the major structural component of arthropod exoskeletons. The antimicrobial peptides possibly recognize chitin (self) exposed at the site of a lesion as well as invading microbes (non-self). Prophenoloxidases play a key role in the sclerotization of the newly formed exoskeleton through the cross-linking of cuticular proteins and chitin (53) . A phenoloxidase synthesized in hemocytes is transported to the cuticle via the epidermis in the silkworm Bombyx mori (54 -56) . We hypothesize that the chitin coated with antimicrobial peptides serves as a scaffold for the binding of hemocyanin and that the resulting phenoloxidase activity functions as a trigger of wound healing of the exoskeleton.
The Tachypleus embryo starts to synthesize hemocyanin after the first embryonic molting, and it secretes hemocyanin into a perivitelline space that exists between the inner egg membrane and the embryo (57) . The amount of hemocyanin in the perivitelline fluid increases until the seventh day after the third embryonic molting, and the embryo hatches after the fourth embryonic molting. Multiple members of the hemocyanin gene family play vital roles during molting in crustaceans and insects, such as Cancer magister cryptocyanin and insect hexamerins (58 -60) . Although the physiological functions of hemocyanin in the perivitelline fluid are not known, Tachypleus hemocyanin may play an important role during embryogenesis in the sclerotization of the newly formed exoskeleton before hatching. FIG. 6 . Sequence comparisons of tachystatins, neurotoxin from spider venom, and the phenoloxidase (PO) inhibitor from the housefly. The conserved cysteine residues are indicated in bold large capital letters. An asterisk above the sequence of the inhibitor denotes dopa.
